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During insect metamorphosis, the steroid hormone 20-hydroxyecdysone (20E) is responsible for coordinating the differentiation of adult
structures. Several structures of the Drosophila melanogaster adult leg, the six distalmost joints, the bristles, and the pretarsal claws, were
examined to investigate how 20E controls their development in vitro. Joints, bristles, and claws were dependent on 20E for differentiation
between 20–22 and 24–26 h after puparium formation (APF). After 26–28 h APF, differentiation became hormone independent. Tissue-
specific markers in 20E-free cultures showed that the bristle and joint cells had not undergone any further morphogenetic progression. In
contrast, the pretarsi underwent partial differentiation. The concentration of 20E required for differentiation was structure specific; tarsal
joints required higher concentrations of 20E (greater than 400 ng 20 E/ml) than pretarsal claws, bristles, and other joints (greater than 40 ng
20E/ml). The 20E precursor ecdysone (E) was also able to induce differentiation at concentrations over 700 ng E/ml, but did not show any
synergistic interactions with 20E. Lastly, leg structures had a finite ability to respond to 20E; tarsal joints lost competence to respond after
32–34 h APF, while the remaining structures became incompetent after 44–46 h APF.
D 2004 Elsevier Inc. All rights reserved.
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Few organisms undergo such dramatic changes in body
form as a metamorphosing insect. In the fruit fly Drosophila
melanogaster, most larval cells are destroyed and the entire
adult body, with the exception of the central nervous system
(CNS), forms from bset asideQ imaginal tissues. During
metamorphosis, imaginal tissues are induced to undergo the
final patterning and differentiative steps that will produce
the adult organism: programmed cell death is initiated in
larval tissues, neurons are remodeled, imaginal discs begin
their morphogenesis, adult epidermis migrates over and
replaces larval epidermal cells, and the cuticle is secreted to
produce the adult exoskeleton. The burden of coordinating0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2004.10.026
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E-mail address: mirthc@u.washington.edu.all these changes falls on the endocrine system via the
hormones it produces.
The primary hormone involved in metamorphosis is the
steroid hormone ecdysone. In insects, ecdysone is predom-
inantly present in two forms: ecdysone itself (E), which is
thought to be an inactive prohormone, and 20-hydroxyec-
dysone (20E), the hormone implicated in controlling
moulting and metamorphosis (Nijhout, 1994; Riddiford,
1993). The rises and falls of 20E titers during metamor-
phosis induce a host of differentiative events, including
programmed cell death and redifferentiation in larval tissues
(Jiang et al., 1997; Schubiger and Truman, 2000) and
morphogenesis in the undifferentiated adult tissues in the
imaginal discs and histoblasts (Riddiford, 1993).
This study examines how 20E coordinates the differ-
entiation of adult leg structures in Drosophila, primarily the
joints, bristles, and claws. Leg imaginal tissues are specified
during embryogenesis. They first appear as small pouches of278 (2005) 163–174
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ectodermal epithelia in the embryo (Bate and Martinez
Arias, 1991) and remain inside the body cavity of the larva
growing steadily throughout the larval instars (Cohen,
1993). By the time the animal pupariates, the leg imaginal
discs have acquired much of the patterning information
required to produce a differentiated limb (Cohen, 1993).
The morphogenesis of leg imaginal discs is initiated in
response to high ecdysteroid titers during the late larval
pulse of 20E between 6 and 6 h after puparium formation
(APF) (Fristrom et al., 1973; Milner, 1977). At this stage,
20E elicits cell rearrangements and cell shape changes in the
leg discs, causing them to evert and elongate (Condic et al.,
1991). Failure for these cell shape changes and rearrange-
ments to occur results in the malformed leg phenotype,
where legs remain coiled-in with short, thick segments.
This malformed leg phenotype has been a powerful tool
for studying the interactions between the 20E signaling
cascade and the cell machinery necessary for cell shape
changes during early stages of leg differentiation. Screens
for genes that induce the malformed leg phenotype have
yielded several transcription factor components of the
ecdysone signaling cascade, including the Broad-Complex
(Kiss et al., 1988), E74 (Fletcher et al., 1995), bFTZ-F1
(Broadus et al., 1999), and other 20E-inducible transcription
factors such as crooked legs (D’Avino and Thummel, 1998).
In addition, components of the cell machinery involved in
directly mediating morphogenetic cell shape changes, such
as the nonmuscle myosin subunits zipper (Fristrom and
Fristrom, 1993; Gotwals and Fristrom, 1991) and spaghetti
squash (Edwards and Kiehart, 1996) and the serine protease
Stubble believed to be involved in modifying the extrac-
ellular matrix (Beaton et al., 1988), were identified.
Recent studies have shown that components of the Rho 1
signaling pathway, important intermediates in actin cytos-
keleton organization, are enhancers of broad-induced and
Stubble-stubbloid-induced malformed leg phenotypes
(Bayer et al., 2003; Chen et al., 2004; Ward et al., 2003).
Surprisingly, Chen et al. (2004) found that although Rho 1
expression is not dependent on 20E, disrupting the actin
cytoskeleton, either by using actin-inhibiting drugs or by
inhibiting Rho 1 function, had a negative effect on the
expression of both broad and EcR, a component of the
Ecdysone Receptor heterodimer, thereby highlighting a
possible role for the cell apparatus in modulating hormone
responses.
The prepupal pulse of 20E stimulates the transition from
prepupa to pupa (Riddiford, 1993). Abdominal contractions
at this time cause the legs to inflate to their full length. Leg
inflation is thought to be a primarily passive process.
However, the abdominal contractions responsible for leg
inflation are under the control of the prepupal 20E pulse in
as such that flies mutant for hFTZ-F1 do not perform these
contractions (Fortier et al., 2003).
Although hormonal regulation of prepupal leg differ-
entiation has long been established, whether and howecdysteroids control later stages of metamorphosis in the
leg is unknown. However, circumstantial evidence suggests
that the pupal pulse of 20E may control differentiation at
these later stages. In the midst of rising ecdysteroid titers
during the pupal 20E pulse, the pretarsal claws begin to
extend from the distalmost end of the leg (Fig. 1, Mirth and
Akam, 2002). Shortly afterwards, bristle and joint morpho-
genesis begins (Fristrom and Fristrom, 1993; Mirth and
Akam, 2002). This study tests whether the pupal 20E pulse
is responsible for inducing the later stages of metamorphosis
of adult leg structures using an in vitro tissue culture system,
and further dissects the role of 20E in directing adult leg
differentiation.Materials and methods
Fly stocks
Oregon R stocks were used to test for the effects of 20E
on leg tissue in culture. Bristle, joint, and pretarsal tissues
were identified using A101 lacz/+, disconnected lacz, and
the GAL4 line ckm10 crossed to UAS-GFP (D1-8a2 arIII
UAS GFP 65/167, provided by Andrea Brand), respectively.
Ckm10 was isolated from an enhancer trap screen for joint-
specific markers (Mirth and Akam, 2002).
Tissue culture
The protocol developed for culturing pupal thoraces was
based primarily on the protocol by Awad and Truman
(1997), but also on protocols by Currie et al. (1988), Furst
and Mahowald (1985), and Fristrom et al. (1973). Culture
media were made from Schneider’s Medium (Sigma)
supplemented with 7.5% Fetal Calf Serum (Gibco), 1%
antibiotic/antimycotic solution (10,000 u/ml penicillin, 10
mg/ml streptomycin, and 25 mg/ml amphotericin B, Sigma),
and 0.05 M of HEPES. Varying concentrations of ecdysone
(E) or 20-hydroxyecdysone (20E) were added to the
medium. The carrier for both E and 20E (Sigma) was
100% isopropanol. E and 20E solutions were stored at
208C.
Newly pupariated individuals were collected every 2 h
and staged to 20–22 h after puparium formation (APF) at
258C unless otherwise stated. Staged pupae were then
sterilized by immersion in 100% bleach for 5 min and
subsequently rinsed with sterilized, distilled, deionized
water. The thoraces were removed, taking care to separate
all the guts, brain, fat body, and trachea, in a petri dish
containing 3 ml of culture medium. Pupae were kept on
ice during dissections to ensure uniform developmental
progress. Five to ten thoraces were transferred into 1 ml of
culture media in a fresh petri dish. These thoraces were
rinsed once with culture media and then cultured for the
appropriate interval in 3 ml of media. A sample of 3–5
thoraces was fixed immediately in 2.5% Glutaraldehyde in
Fig. 1. Approximate ecdysteroid concentrations in relation to the different stages of joint morphogenesis. Diagrams of the stages of joint differentiation appear
below the times when the stage occurs. Ecdysteroid titers were redrawn and simplified from Handler (1982).
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Na2HPO4d 2H2O, 3 mM NaH2PO4d 2H2O in water, pH
7.0) to ensure the pupae had been correctly staged. The
tissue was cultured at 258C and the medium changed every
12 h, unless otherwise stated. At the end of the culture
period, the tissue was fixed in 2.5% Glutaraldehyde in
PBS (unless they were to be processed for antibody
staining, see below) overnight at room temperature (RT),
after which the legs were separated and mounted in 100%
glycerol.
Legs were scored for the presence of a complete claw, the
presence of bristles, whether there were more than 10
bristles on the first tarsal (tar1) segment (representing a
complete bristle pattern), and the presence of all the joints
between the tibia and the pretarsus. These characters were
chosen as they are easy to score and are less likely to be
damaged during dissection. Legs were only scored if the
state of all characters could be determined. All experiments
were scored blind.
Antibody staining
Tissue to be processed for immunocytochemistry was
first fixed in 4% Paraformaldehyde in PBS overnight at RT.
After fixing, the tissue was washed once in PBT (PBS and
0.3% Triton X). The pupal cuticle was then peeled off the
legs using fine forceps and the thoraces subsequently
washed in PBT (4  15 min). The tissue was blocked inPBT and 3% Goat Serum (30 min). Primary antibody
solution for anti-h galactosidase (anti-h gal) was diluted at
1:1000 in PBT and 3% Goat Serum. The secondary
antibody, FITC conjugated goat-anti-rabbit, was diluted
1:100. Propidium iodide was added at 1 ng/ml along with 5
ng/ml of DNase-free RNase (to eliminate background in the
cytoplasm due to RNA) to the secondary antibody solution.
All incubations were done overnight at RT. After the final
incubation in secondary antibody solution, the tissue was
washed twice in PBT, mounted in Vectashield Mounting
Medium for Fluorescence (Vector), and examined under a
Leica SP Confocal microscope.Results
Leg differentiation: the background
At 20–22 h after puparium formation (APF), adult leg
structures are as yet undifferentiated, with the exception of
the hooks (ungui) of the pretarsal claws, which are
extending out from the pretarsus (Fig. 1) (Mirth and Akam,
2002). Joint differentiation begins at 24 h APF when the
cells in the distal joint constrict forming indentations in
regions where the joints will differentiate (Fristrom and
Fristrom, 1993; Mirth and Akam, 2002) (Fig. 1). Shortly
afterwards, the bristle shafts become visible as they protrude
from the leg and other claw structures, the empodium and
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differentiate (Mirth and Akam, 2002) (Fig. 1).
At 26–28 h APF in the tibial/tarsal joint, the distalmost
joint cells elongate apical/basally and the joint begins to fold
into the leg (Mirth and Akam, 2002). Finally, at 30–32 h
APF, a row of cells in the proximal joint elongates
proximodistally and extends over the distal joint cells
(Mirth and Akam, 2002). Joint invagination continues until
36 h APF (Mirth and Akam, 2002). Likewise, the bristles
and the claw have completed their development at this time.
20E is required for the differentiation of adult structures in
the leg
To determine whether 20E plays a role in the differ-
entiation of adult leg structures, an in vitro culture system
for pupal thoraces was devised (see Materials and methods).
Legs dissected at 20–22 h APF and cultured for 28 h in
medium without 20E did not develop any bristles or joints
(Figs. 2e–f). Only one structure in the pretarsus, the unguis,
showed partial differentiation (Fig. 2f), although it never
achieved the normal adult morphology. However, if 20EFig. 2. The effect of including or excluding 20-hydroxyecdysone (20E) on legs in c
Proximal is toward the top of the page for all images. Arrowheads in c, d, g, and h i
APF. It has none of the adult structures. (b–d) Legs from animals dissected at 48–5
Panel c is a fully developed tibial/tarsal joint and d shows both the last three tarsal
28 h. Joints and bristles do not differentiate but part of the claw, the unguis, does (
and claws all differentiate. The tibial/tarsal joint has completed differentiation (arr
claw and other tarsal joints differentiate in the most distal part of the leg (h). Scawas included in the culture medium (400 ng of 20E/ml),
legs differentiated complete claws, bristles, and joints (Figs.
2g–h). Some legs from these cultures also had abnormally
bloated segments; however, this did not appear to affect the
ability of these legs to differentiate adult structures. Thus, it
is clear that the culture system is able to support tissue
differentiation and that this differentiation is dependent on
the presence of 20E.
Tissue-specific processes are dependent on 20E as
demonstrated by cell-specific markers
The state of differentiation for individual tissues was
assessed by examining the expression of markers for
developing joints, bristles, and claws in cultures with and
without 20E.
Ckm10, a GAL4 line expressed in the pretarsi and a
structure that is likely to be a tendon extending from the
proximal leg to the pretarsi, was used to assess the fate of
pretarsal cells. At 20–22 h APF, ckm10 drove GFP
expression in the two pockets of cells at the end of the leg
that make up the presumptive pretarsus and in a tendon-likeulture between 20 and 22 h after puparium formation (APF) to 48–50 h APF.
ndicate joints. (a) A control leg fixed immediately after dissection at 20–22 h
0 h APF. Joints, bristles, and claws have completed their differentiation (d).
joints as well as the pretarsus and claw. (e–f) Legs cultured without 20E for
double arrowhead in f). (g–h) If 20E is added to the culture, joints, bristles,
owhead in g) but the tar1/tar2 joint directly below has not (arrow in g). The
le bars in a, b, and e are 50 Am, and in c, d, f, g, and h are 15 Am.
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pouches of cells had differentiated to form the unguis,
empodium, and pulvilli of the claw, and the tendon had
connected with the pretarsus. In cultures without 20E,
partial differentiation was apparent in the unguis, which
continued to elongate. Thus, some of the morphogenetic
events in the claw and tendon may proceed without 20E at
this stage.
A101 lacZ, a lacZ insertion in neuralized (Huang et al.,
1991) (Figs. 3d–f) was used to mark the bristle lineage.
Bristles are made up of five cells, a neuron, a glia, a support
cell, a socket cell, and a shaft cell, each arising from the
divisions of a single bristle precursor cell (Gho et al., 1999;
Hartenstein and Posakony, 1989; Reddy and Rodrigues,
1999). Four of these cells can be seen in the differentiated
bristle complex (the glial cell migrates away).
By 20–22 h APF, the leg had acquired its full comple-
ment of bristle precursors, which had rearranged into aFig. 3. Joint, pretarsal, and bristle cells fail to differentiate when cultured without 2
immediately (control) at 20–22 h after puparium formation (APF). Panels b, e, and
f, and i are legs cultured in media containing 700 ng 20E/ml. Red in a–i is a nucle
green is GFP driven by the GAL4 line ckm10 (a marker for the claw organ). Two
claw, as well as a tendon (arrowhead in a–c) that extends to the claw express GFP
20E. In d–i, green is an antibody stain against h-galactosidase (h-gal) in A101 lacZ
APF, all four cells of the bristle cluster are arranged in a crooked line at the surface
without 20E (arrow in e). Conversely, bristle cells in legs cultured in 20E have su
appropriate for differentiated bristles (double arrowheads in f). disconnected lacZ e
legs cultured with 20E (i). Scale bars in g, and h are 100 Am, in i are 50 Am, anstereotyped configuration that resembles a crooked line
(Fig. 3d) (Nottenbohm et al., 1994). Cultures with and
without 20E were similar with respect to the number of cells
in each bristle cluster (four) (Figs. 3d–f). However, in
cultures without 20E, the undifferentiated bristle precursor
cells remained arrested at the crooked line stage. In cultures
with 20E, the bristle cells sank beneath the epidermal
surface, rearranged into a cluster, and differentiated into
their component parts indicating that the progression from
the crooked line stage to a differentiated bristle was 20E
dependent.
To mark joint cells, disconnected lacZ (disco lacZ) was
used as it is expressed in all cells of the joint (Bishop et
al., 1999; Mirth and Akam, 2002). Like the bristles, joint
cells expressed their marker with or without 20E (Figs.
3g–i); however, without 20E, the joint cells failed to
initiate invagination. Distal joint cells from cultures with-
out 20E also did not undergo apical constriction, as seen0E, but are still present in the leg. Panels a, d, and g are legs that were fixed
h are legs cultured for 28 h starting at 20–22 h APF in 0 ng 20E/ml. Panels c,
ar stain (propidium iodide). Proximal is toward the top of the page. In a–c,
pockets of cells (small arrows in a–c), those that will become the pretarsal
in the control (a) as well as in cultures both excluding (b) and including (c)
flies (d–f) or disconnected lacZ flies (g–i). In A101 lacZ flies, by 20–22 h
of the leg (arrows in d). These bristle cells are similarly arranged in cultures
nk below the epidermis of the leg and arranged themselves in the position
xpression in the joints in control legs (g), legs cultured without 20E (h), and
d in a–f are 20 Am.
Fig. 4. After 24–26 h after puparium formation (APF), the differentiation of
adult leg structures does not require 20-hydroxyecdysone (20E). Pupae
were dissected at progressively later stages of development and their
thoraces placed into culture without ecdysteroids. Treatments that are
underlined by the same bar are statistically indistinguishable but are
statistically different from treatments outside the bar. The lowest significant
v2 was 10.34 and the highest significant P value (after Bonferonni
correction) was 0.0013. For each time point, between 59 and 120 legs were
scored. Panel a shows the number of joints that differentiated per leg for
each treatment, whereas the percentage of legs scored as possessing
individual joints or other structures is shown in b and c, respectively.
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accumulation of collagen IV in the distal joint in these
cultures (data not shown). Joints from cultures including
20E underwent the appropriate cell shape changes and
showed an accumulation of collagen IV in the distal region
(data not shown).
Temporal requirements for 20E in joint, bristle and claw
differentiation
It is now clear that 20E is necessary for the differ-
entiation of structures in the adult leg, but is it required
continuously throughout leg metamorphosis? 20E could act
either by initiating the first set of cell shape changes after
which morphogenesis becomes hormone independent or by
sequentially inducing all the morphogenetic events that
occur during differentiation. If the first model were true,
20E would only be necessary for a short time to trigger
differentiation. If the latter, then removing 20E at any time
during morphogenesis would result in developmental arrest
at that stage.
To test whether 20E was required continuously through-
out differentiation, thoraces were dissected at different
stages between 20 and 30 h APF and cultured in medium
without 20E until 48–50 h APF. Cultures using legs 20–22
or 22–24 h APF produce very few or no joints (Fig. 4a).
After 24 h APF, joints began to form in culture in the
absence of hormone. The number of joints produced per leg
increased with time at which they were placed in culture
(Fig. 4a). By 28–30 h APF, legs produced on average 4.8
joints compared to the normal six joints found in control
animals staged to 48–50 h APF.
With the exception of the tar1/tar2 joint, all distal leg
joints began to differentiate at low frequencies (between
13% and 29% of legs scored) when placed in 20E-free
medium at 24–26 h APF (Fig. 4b, see Supplementary
information Table 1 for statistics). From 26–28 h APF
onwards, all but the tibial/tarsal and tar1/tar2 joints
differentiated at frequencies indistinguishable from legs
dissected at 48–50 h APF. The latter two joints were never
seen at the same frequencies as legs dissected at 48–50 h
APF.
The time at which joints became independent from 20E
coincided with the period in their development when distal
joint cells were constricting and elongating (Mirth and
Akam, 2002). Thus, one can conclude that 20E is only
needed to stimulate this initial set of cell shape changes after
which differentiation occurs on its own.
Complete claws and bristles differentiated at low
frequencies at 22–24 h APF in cultures without 20E (13%
and 6% of legs scored, respectively, Fig. 4b). Complete
claws differentiated at high frequencies after 26 h APF
(z97%), whereas complete bristle patterns never appeared
at the same frequency as the controls. Taken together, these
data imply that after 26 h APF leg differentiation became
independent of the 20E signal.Competence periods for response to 20E
The above experiment demonstrates that leg tissue
requires hormone only for a limited period of time for
differentiation. In addition, many tissues have a limited
period of time during which they can respond to a hormone
signal. To test for a period of hormone competence during
leg differentiation, 20E was excluded from cultures for the
C. Mirth / Developmental Biology 278 (2005) 163–174 169first 12 or 24 h, after which tissue was cultured an additional
28 h with 20E to determine if cells retained competence to
respond to 20E indefinitely. Controls were cultured for 28 h
in medium containing 20E.
Leg structures required 20E to be present within a period
of competence. After a 24-h 20E-free period in culture,
joints rarely formed (Fig. 5a). Joints were more frequent in
cultures where 20E was eliminated for 12 h, but were still
less common than in control cultures without a hormone-
free period (1.22 versus 2.05 joints per leg, Fig. 5a).Fig. 5. 20E can only stimulate differentiation for a limited time in the leg.
Three treatments were used to identify the window of competence during
which 20E is effective at stimulating joint differentiation. In a, the number
of joints that differentiate per leg for the three different culture treatments is
given. All treatments were significantly different from one another. The
percentage of individual joints and other adult structures observed in
cultured legs is outlined in b and c. Between 51 and 121 legs were scored
for each treatment. The lowest significant v2 value was 9.15 and the highest
significant P value was 0.0025, after Bonferonni correction.The difference between the 12-h hormone-free cultures
and controls could be accounted for by the lack of tarsal
joint differentiation in the 12-h 20E-free cultures. Legs
cultured without 20E for the first 12 h differentiated tibial/
tarsal and T5/pretarsal joints, complete claws, bristles, and
complete bristle patterns at frequencies similar to the
controls (Figs. 5b and c, see Supplementary information
Table 2 for statistics). However, the tarsal joints almost
never differentiated in these cultures. Thus, not only is there
a limited time during which 20E can induce leg differ-
entiation, but also the time interval during which 20E can
stimulate differentiation is shorter for tarsal joints than other
leg structures.
Despite their inability to differentiate in 24–h 20E-free
cultures, joints still expressed joint molecular markers
(Fig. 6). Disco lacZ legs cultured in such conditions
showed strong h-gal expression in regions that would
normally form joints (Figs. 6a–d). Although joints did not
form, bristles differentiated on some legs. Thus, the joints
failed to differentiate in 24-h 20E-free cultures as they lost
competence to respond to hormone and not because the legs
were dying in culture.
To determine if 20E was required at a particular time
during the first 12 h of culture, legs were cultured for a total
of 28 h with 20E only being added to the medium between 0
and 6 h or between 6 and 12 h of culture; the remaining time
in culture was without 20E. There were no significant
differences between these treatments and control treatments
where 20E was present throughout the entire culture period
(data not shown). In other words, as long as the leg tissue
received 20E for a 6-h interval within the first 12 h of
culture, they were able to produce joints at the same
frequency as the control treatment. Thus, 20E was most
important for leg differentiation during the first 12 h in
culture.
Threshold concentrations of 20E required for leg
differentiation
Threshold effects in the differentiating legs were exa-
mined by culturing thoraces in various concentrations of
20E between 0 and 700 ng/ml. 20E concentrations between
400 and 700 ng/ml are similar to the concentration of 20E
found in the animal based on total ecdysteroid titers from
whole body (Handler, 1982). From the experiments dis-
cussed above, it is expected that the first 12 h in culture are
the most crucial to differentiation as after this period
hormone is not necessary. Treatments are labeled as low
20E concentrations when they are between 0 and 40 ng of
20E/ml, mid-range concentrations when they are between
40 and 100 ng of 20E/ml, and high concentrations between
100 and 700 ng of 20E/ml.
The number of joints per leg that differentiated in culture
increased with increasing 20E concentration (Fig. 7a). Joints
differentiated in culture if 20E was provided at mid-range to
high 20E concentrations, but did not appear at low 20E
Fig. 6. The expression of the joint marker disconnected lacZ in legs where
the joints have lost the ability to respond to 20E. Thoraces from
disconnected lacZ flies aged to 20–22 h APF were cultured in 0 ng
20E/ml for 24 h beginning at 20–22 h after puparium formation (APF) and
then cultured in media containing 700 ng 20E/ml for 28 h. Cultured legs
were then stained using a primary antibody against h-galactosidase (h-gal)
and a FITC-conjugated secondary antibody. Panels a and c are Nomarski
images of legs; b and d are epifluorescent images of the same legs. Legs
from these cultures retain joint patterning information, deduced from the
expression of h-gal in the joint (b and d), despite failing to differentiate
(a and c). White arrows in c indicate where joints should have formed.
Nevertheless, the structure of the claws (arrowheads in a) as well as
complete bristle patterns sometimes differentiate. Scale bars in a and b are
50 Am, and in c and d are 30 Am.
Fig. 7. The effects of 20-hydroxyecdysone (20E) concentration on the
differentiation of leg joints and other adult leg structures in vitro. For all
treatments (a–d), the first number refers to the concentration of 20E in the
culture for the first 12 h, the second number is the concentration for the next
12 h, and the last number is the 20E concentration in media for the remaining
4 h of the culture period. The 0,0,0 treatment includes pooled results from
treatments with media containing 0.0007% isopropanol (the carrier for 20E)
and treatments with culture media only as both treatments gave the same
results. (a) The average number of joints that differentiate per leg for different
concentrations of 20E. Panel b shows the effect of 20E concentration on the
percentage of legs scored with individual joints and c is the effect of 20E
concentration on the percentage of bristles and claws scored. Treatments
underlined by the same bar are statistically indistinguishable from one
another but different from those outside the bar. Between 54–149 legs were
scored for each treatment. The highest significant P value was 0.0069 and the
lowest significant v2 value was 9.95 after Bonferonni correction.
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intermediate number of joints differentiating per leg.
Raising 20E concentrations to 1.4 or 2.8 Ag of 20E/ml,
which is 2- and 4-fold higher than in vivo ecdysteroid
concentrations, produces the same number of joints as in
high 20E concentration treatments (data not shown). There-
fore, concentrations of 20E 40 ng/ml or higher are necessary
to induce differentiation in joints.
Individual joints showed different frequencies of differ-
entiation in culture, even in high 20E concentrations (Fig.
7b, see Supplementary information Table 3 for statistics).
The tar5/pretarsal joint differentiated most often (found in
83% of the legs) whereas the tar1/tar2 joint rarely differ-
entiated. These differences in frequency between joints may
be due to differing sensitivity to culture conditions.
Moreover, joints differed in their response to 20E
concentration, suggesting that individual joints may differ
Fig. 8. Increasing the concentration of ecdysone (E) in culture causes a
greater number of joints to differentiate, although they are still less frequent
than if 20-hydroxyecdysone (20E) is used. Treatments underlined by
different bars are statistically different; treatments underlined by the same
bar are statistically indistinguishable. Between 92 and 125 legs were scored
for each treatment. After Bonferonni correction, the lowest significant v2
value was 21.49 and the highest significant P value was 0.000022.
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pretarsal joints, if 20E concentration was low, then few
(b3%) or no joints formed. However, at mid-range 20E
concentrations, these joints differentiated at frequencies
indistinguishable from those in the high 20E treatments
(Fig. 7b). The tar2/tar3 and tar4/tar5 joints, on the other
hand, only differentiated at significant frequencies (N15%)
with high 20E concentrations (Fig. 7b). Finally, the tar3/tar4
joint differentiated its highest frequencies when 20E
concentration was at least 400 ng/ml (Fig. 7b). Thus, in
culture, there were three threshold concentrations for joint
differentiation: one for the tibial/tarsal and tar5/pretarsal
joints, a second for the tar2/tar3 and tar4/tar5 joints, and a
third for the tar3/tar4 joint.
Fully differentiated claws and complete bristle patterns
required mid-range 20E concentrations for differentiation
(Fig. 7c), much like the tibial/tarsal and tar5/pretarsal joints.
Even at low 20E concentrations, most legs differentiated at
least one bristle (Fig. 7c). In cases where b5 bristles were
seen, they tended to be found on the tar5 tarsal segment,
close to the tar5/pretarsal joint.
The role of the 20E precursor ecdysone (E) in adult leg
differentiation
Although 20E was able to induce the differentiation of
most structures in culture, the joint between the first and
second tarsal segments was almost never seen in culture.
Furthermore, all but the tar5/pretarsal joint differentiated at
frequencies less than 50%. Possibly, the 20E precursor
ecdysone (E) acts synergistically with 20E in the differ-
entiation of adult leg structures. At ecdysteroid concen-
trations similar to those found in vivo, E is seldom able to
induce adult differentiation on its own, but it has been
shown to act synergistically with 20E (Hiruma et al., 1997).
To test whether E has a role in leg differentiation, thoraces
were cultured in media containing between 700 and 4200
ng/ml of E alone and also in a media containing both E and
20E. In vivo, during the pupal pulse, the ecdysteroid
concentration, which includes both E and 20E, reaches a
peak at approximately 600 ng/ml of ecdysteroid. Thus, the
treatment using both E and 20E (700 ng/ml of E and 700 ng/
ml of 20E) provides more than twice the concentration of
total ecdysteroid than would be found in vivo at this time
(1400 versus 600 ng/ml of ecdysteroid).
As with 20E, the number of joints that differentiate per leg
increased with increasing E concentration (Fig. 8a). How-
ever, even the highest E concentrations tested, 4200 ng of E/
ml, did not yield the same number of joints as the treatment
containing 700 ng of 20E/ml (Fig. 8a). Furthermore, the
treatment containing both E and 20E failed to produce more
joints than the treatment with 20E alone, indicating there are
no synergistic effects between E and 20E.
Complete claws and bristles differentiated as frequently
in cultures with E as they did in treatments containing 20E.
However, the highest frequencies of complete bristlepatterns were found only in cultures including 20E (Fig.
8b, see Supplementary information Table 4 for statistics).
From these results, it appears that E alone may be able to
induce the differentiation of some of the adult leg structures.
However, it is worth noting that most sources of E are a
minimum of 90% pure and contamination with small
amounts of other ecdysteroids may be responsible for some
of the effects observed.Discussion
This study has explored the physiological aspects of
adult leg differentiation as a first step to understanding
metamorphic processes in later stages of leg development.
By examining leg tissue, it was possible to compare the
differentiation of three different structures. Furthermore, by
comparing these data with other studies of hormone action,
it may be possible to discern common patterns relating to
how hormones control adult differentiation.
C. Mirth / Developmental Biology 278 (2005) 163–174172Stages of developmental arrest suggest varied mechanisms
for 20E dependency
In the absence of 20E at 20–22 h APF, bristles and joints
did not undergo any further differentiation, but they arrested
at different stages along their differentiative pathway. Bristle
cells had already begun their differentiative trajectory. They
arrested mid-differentiation, having undergone the appro-
priate number of cell divisions and arranged themselves in
the crooked line formation, but failing to undergo the
additional cell rearrangements and shape changes to form
the adult structure (Nottenbohm et al., 1994). On the other
hand, joints had yet to undergo any differentiative events at
all. In both cases, however, differentiation could occur
without 20E after 26 h APF. This stage corresponds to the
beginning of distal joint cell constriction and elongation,
and the time at which the bristle shaft is starting to elongate.
What determines the stage at which morphogenesis can
become hormone independent is unclear.
In other tissues, certain phases of differentiation appear
always to require 20E. Early stages of differentiation of the
neurons in the optic lobe in Manduca sexta require constant
hormone input to progress. Optic lobe neurons will continue
to divide as long as 20E is present at suprathreshold
concentrations in the medium (Champlin and Truman,
1998a). Reciprocally, when 20E is not present, divisions
arrest until the hormone is added back into culture
(Champlin and Truman, 1998a,b). Even after 24 h without
hormone, neurons are able to respond and divide when
presented with 20E, whereas Drosophila leg tissue became
unresponsive to hormone after 24 h without 20E. Differ-
ences in the stage of differentiation may be responsible for
these distinctions, with early differentiative processes such
as cell division requiring continuous hormone input, and
late differentiative processes like cell shape changes
requiring only temporary hormone stimulus.
Threshold concentration varies with individual leg
structures
In many tissues, hormone concentrations act as a
temporal switch for controlling different stages of differ-
entiation. The behaviors of cells in the optic lobe and eye
discs of M. sexta are largely dependent on hormone
concentration, with early maturational responses induced
by mid-range concentrations and late responses by high 20E
concentration (Champlin and Truman, 1998a,b). In both
cases, switching between differentiative states can occur by
modifying the hormone concentration in cultures from
tissues of the same age.
Adult leg structures also require 20E to be present in
concentrations above a threshold to metamorphose. Fur-
thermore, these results have shown that threshold concen-
trations differed between the structures of the leg, most
notably differing between the joints. The joints least
sensitive to 20E, the tarsal joints, are also the last structuresto complete their differentiation, and it could be hypothe-
sized that they require a higher concentration of 20E to
switch into their developmental programs. However, con-
sidering all joints begin metamorphosis at the same time and
become independent of 20E at the same time, it is unlikely
that concentrations of hormones are acting as a switch to
control different phases of leg differentiation.
Moreover, hormone concentration may not be determin-
ing developmental time at this stage. Hormone concen-
trations have already reached titers sufficient to stimulate
joint invagination at 18 h APF (Handler, 1982), but this
process does not begin until 24 h APF. Leg structures did
not appear to use threshold concentration as a measure of
time for tissue differentiation.
Continuous input versus transient hormone signal: when
might one mechanism predominate?
Why the development of some tissues might rely on
continuous hormone presence, instead of transient hormone
input, is likely to do with their developmental context. In M.
sexta eye discs, early and late developmental responses can
be induced at the same developmental stage depending on
20E concentration. Here, the early stages of differentiation,
furrow progression and ommatidial recruitment, continue in
a 20E-dependent manner over several days until an increase
in 20E concentration induces ommatidial maturation
(Champlin and Truman, 1998b). This requirement for
continuous hormone presence for early stages of metamor-
phosis could reflect a mechanism that allows a tissue to
undergo a developmental process for a sustained period,
then to use increasing 20E levels as a temporal marker to
switch to later differentiative events.
Conversely, cells that are ready to undergo their final
differentiation, like the joints in D. melanogaster and the
ommatidia in M. sexta, might only need to receive the
hormone signal transiently to complete differentiation. In
this scenario, competence to respond to suprathreshold
levels of hormone within a limited time might be a more
useful mechanism. To fully understand these mechanisms,
more detailed studies of how concentrations and timing of
hormone pulses affect specific tissues in terms of tissue
organization, cell behavior, and gene regulation are required
to make more accurate predications about how 20E acts to
control tissue differentiation during metamorphosis.
The genetics of adult leg development: future directions
This work shows that, like earlier stages of leg develop-
ment, the differentiation of adult leg structures is dependent
on 20E. It would be of great interest to explore whether
during the pupal 20E pulse, the genes involved in imaginal
disc morphogenesis are also necessary to transmit the 20E
signal and effect morphogenesis in the bristles, claws, and
joints. Microarray data show that E74 and bFTZ-F1, both
genes in the 20E signaling cascade that are important for
C. Mirth / Developmental Biology 278 (2005) 163–174 173disc morphogenesis, exhibit peaks of expression during the
pupal 20E pulse (Arbeitman et al., 2002). Genes down-
stream of the ecdysone cascade that are involved in disc
morphogenesis, such as Stubble (Sb) and crooked legs, also
show peaks of expression during these stages (Arbeitman et
al., 2002). Furthermore, animals homozygous for the Sb63B
mutation sometimes show fusions between the tarsal seg-
ments and have obvious bristle formation defects, suggest-
ing that Sb is involved in later differentiative events (von
Kalm et al., 1995). Examining whether the genes important
for imaginal disc morphogenesis are later involved in the
differentiation of adult leg structures would provide an
example of how the 20E cascade controls differentiation in a
single organ throughout prepupal and pupal development.Acknowledgments
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